The causative agent of Legionnaires' disease, Legionella pneumophila, replicates in amoebae and macrophages in a distinct membrane-bound compartment, the Legionella-containing vacuole (LCV). LCV formation is governed by the bacterial Icm/Dot type IV secretion system that translocates~300 different "effector" proteins into host cells. Some of the translocated effectors anchor to the LCV membrane via phosphoinositide (PI) lipids. Here, we use the soil amoeba Dictyostelium discoideum, producing fluorescent PI probes, to analyze the LCV PI dynamics by live-cell imaging. Upon uptake of wild-type or Icm/Dotdeficient L. pneumophila, PtdIns(3,4,5)P 3 transiently accumulated for an average of 40 s on early phagosomes, which acquired PtdIns(3)P within 1 min after uptake. Whereas phagosomes containing ⌬icmT mutant bacteria remained decorated with PtdIns(3)P, more than 80% of wild-type LCVs gradually lost this PI within 2 h. The process was accompanied by a major rearrangement of PtdIns(3)P-positive membranes condensing to the cell center. PtdIns(4)P transiently localized to early phagosomes harboring wild-type or ⌬icmT L. pneumophila and was cleared within minutes after uptake. During the following 2 h, PtdIns(4)P steadily accumulated only on wild-type LCVs, which maintained a discrete PtdIns(4)P identity spatially separated from calnexin-positive endoplasmic reticulum (ER) for at least 8 h. The separation of PtdIns(4)P-positive and ER membranes was even more pronounced for LCVs harboring ⌬sidC-sdcA mutant bacteria defective for ER recruitment, without affecting initial bacterial replication in the pathogen vacuole. These findings elucidate the temporal and spatial dynamics of PI lipids implicated in LCV formation and provide insight into host cell membrane and effector protein interactions.
processes between different subcellular compartments (25) . PIs are low-abundance phospholipids, composed of diacylglycerol (DAG) and D-myo-inositol 1-phosphate, i.e., phosphatidylinositol (PtdIns). The carbohydrate moiety of PI compounds can be phosphorylated and/or dephosphorylated at the positions 3=, 4=, and/or 5= by specific PI kinases or PI phosphatases, respectively (26, 27) .
The PI lipid pattern undergoes fast and complex temporal and spatial changes, which establish and maintain compartmentalization and membrane flux within the cell. Different PI lipids can be readily interconverted, such that the product of a PI-metabolizing enzyme serves as a substrate for another enzyme. The PI PtdIns (3, 4, 5 )P 3 transiently accumulates on the plasma membrane during signal transduction or phagocytosis. PtdIns(3)P is enriched on macropinosomes, phagosomes, early endosomes, and multivesicular bodies, where it is converted into PtdIns(3,5)P 2 . PtdIns(4)P is predominantly formed on the Golgi apparatus and secretory vesicles (23) (24) (25) , as well as at the ER (28) , but in addition to PtdIns(4,5)P 2 also localizes to the plasma membrane. PIinteracting proteins bind their targets via distinct modules, such as PH domains [PtdIns(3,4,5)P 3 ] or FYVE domains [PtdIns(3)P] (29) . The fusion of these domains to fluorescent probes created useful tools for the analysis of cellular PI dynamics (30) .
Most, if not all, intracellular bacteria target PI metabolism to ensure their survival and replication (31) (32) (33) (34) . L. pneumophila subverts the host's PI lipids in manifold and elaborate ways (22) . Several of the~300 Icm/Dot substrates anchor to the LCV membrane by interacting with distinct PIs. PtdIns(4)P is specifically bound by the ER interactor SidC (35, 36) and with high affinity by the Rab1 guanine-nucleotide exchange factor (GEF)/AMPylase SidM (also called DrrA) (4, 5, 17, 37, 38) . SidC interacts with PtdIns(4)P through a unique 20-kDa C-terminal domain termed P4C SidC , which as a green fluorescent protein (GFP)-fusion protein has been used to determine the PtdIns(4)P pattern in D. discoideum (36) . Moreover, endogenous SidC exclusively and uniformly decorates LCVs (39) , a feature that has been exploited to purify intact pathogen vacuoles by immunoaffinity separation (40) . PtdIns(3)P is bound by the L. pneumophila retromer interactor RidL (21) , the glycosyltransferase SetA (41) , and the Rab activator/interactor LidA [which less strongly also binds PtdIns(4)P] (37, 42) , as well as by the virulence factor LpnE (43) .
L. pneumophila might modulate the LCV PI pattern directly by (Icm/Dot-) translocated PI phosphatase or kinase effector proteins or indirectly through bacterial factors recruiting host PI kinases or phosphatases (22, 44) . Recently, two distinct, Icm/Dottranslocated PI phosphatases have been characterized. SidF was identified by screening L. pneumophila effectors for the "CX 5 R" motif (45) , a characteristic of a PI phosphatase family (46) . Upon translocation, SidF localizes through two predicted transmembrane domains to the LCV membrane. Its atomic resolution structure revealed that PtdIns(3,4)P 2 is bound in a positively charged groove. SidF is a PI 3-phosphatase that hydrolyzes in vitro phagosomal/endosomal PtdIns(3,4)P 2 [and also PtdIns(3,4,5)P 3 ], eventually yielding PtdIns(4)P, to which the above-mentioned effectors can anchor. The "CX 5 R" motif is also present in SidP, a PI 3-phosphatase that hydrolyzes in vitro PtdIns(3)P as well as PtdIns(3,5)P 2 and thus contributes to evasion of the endocytic pathway by the LCV (47) . The primary sequence of SidP is not homologous to SidF, yet the high-resolution enzyme structure revealed that the catalytic domain is surprisingly similar with the exception of a lysine residue, the lack of which might account for the different substrate spectra of the two PI phosphatases.
LpnE might represent an L. pneumophila protein that recruits a host PI-metabolizing enzyme, since the virulence factor binds the PI 5-phosphatase OCRL1 (oculocerebrorenal syndrome of Lowe 1) implicated in retrograde endosome-trans-Golgi trafficking (43) . OCRL1 and its Dictyostelium homologue Dd5P4 (D. discoideum 5-phosphatase 4) hydrolyze PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 to yield PtdIns(4)P and PtdIns(3,4)P 2 , respectively (48, 49) . Dd5P4 restricts intracellular growth of L. pneumophila, localizes to the LCV via a 132-amino-acid N-terminal Legionella vacuole association (LVA) domain, and is catalytically active on LCVs, thus increasing the PtdIns(4)P available for binding of SidC or SidM (43) .
L. pneumophila might also determine the LCV PI pattern by activating small host GTPases by bacterial guanine-nucleotide exchange factors (GEFs), which subsequently leads to the recruitment of host PI phosphatases or kinases (22, 44) . Thus, the Arf1 GEF RalF (14) and the Rab1 GEF SidM (15, 16) could modulate the LCV PI pattern through the activation of the small host GTPases and the recruitment of the PI 4-kinase (PI4K) III␤ (50) or the PI 5-phosphatase OCRL1 (51, 52) , respectively. Yet, as outlined above, L. pneumophila does not (exclusively) control the decoration of LCVs with PIs by the indirect recruitment of host PI kinases or phosphatases through GEFs (22, 44) . Finally, Icm/Dotdependent uptake of L. pneumophila appears to require PI 3-kinases (PI3Ks), suggesting a PI3K-dependent macropinocytic process, rather than a phagocytic mechanism (35, 53, 54) . For the sake of simplicity, the uptake of wild-type or Icm/Dot-deficient L. pneumophila will be referred to as "phagocytosis."
In this study, we analyze the LCV PI dynamics by live-cell imaging in L. pneumophila-infected D. discoideum amoebae producing fluorescent PI probes. Our aim is to define the spatiotemporal PI pattern and to analyze the interactions of L. pneumophila effectors and host factors with these lipids.
RESULTS
Transient accumulation of PtdIns(3,4,5)P 3 upon uptake of L. pneumophila. D. discoideum stably producing GFP-fusion proteins of interest represents an ideal model phagocyte to observe the cellular dynamics of proteins and lipids in real time (55, 56) . We used D. discoideum producing the probe PH CRAC -GFP (see Table S1 in the supplemental material), which labels PtdIns(3,4,5)P 3 [and PtdIns(3,4)P 2 ], to observe the real-time dynamics of these PI lipids in live cells infected with L. pneumophila. In addition to allowing a defined, time-resolved analysis of the dynamics of host cell components, live-cell imaging avoids common fixation problems, such as the destruction of epitopes and membrane architecture or the production of artifacts.
Live-cell experiments revealed that the PH CRAC -GFP probe labeled dynamic cell membrane protrusions (see Movie S1 in the supplemental material) and accumulated at the entry site of L. pneumophila (Fig. 1A) . In amoebae infected with L. pneumophila, PH CRAC -GFP localized to phagocytic/macropinocytic cups and early phagosomes/macropinosomes. The probe was rapidly cleared from these membranes, indicating that PtdIns(3,4,5)P 3 transiently accumulated at these sites. Prior infection with L. pneumophila apparently did not affect the transient accumulation of PtdIns(3,4,5)P 3 around bacteria subsequently infecting the amoebae. Furthermore, PtdIns(4,5)P 2 was excluded from mem-branes forming a phagosome and reappeared on the plasma membrane after fission of the phagosome (see Fig. S1A and B). Accordingly, L. pneumophila-containing phagosomes as well as maturing LCVs remained devoid of PtdIns(4,5)P 2 .
To analyze the role of the L. pneumophila Icm/Dot T4SS in PtdIns(3,4,5)P 3 dynamics during bacterial uptake, we monitored the infection of D. discoideum producing PH CRAC -GFP with either wild-type or ⌬icmT L. pneumophila with a time resolution of seconds ( Fig. 1B ). Whereas waves of PtdIns(3,4,5)P 3 were constantly produced by D. discoideum in the absence of bacteria, the PI lipid accumulated with similar kinetics at every bacterial entry site observed to result in a phagosome. Furthermore, PtdIns(3,4,5)P 3 was cleared within an average of approximately 40 s (Fig. 1C ), regardless of whether the pathogen vacuole contained wild-type (see Movie S2 in the supplemental material) or ⌬icmT (see Movie S3) L. pneumophila. In uninfected D. discoideum, the clearance kinetics of PtdIns(3,4,5)P 3 from macropinosomes was also not significantly different (see Movie S1). These results indicate that during uptake of wild-type and Icm/Dot-deficient L. pneumophila, the PtdIns(3,4,5)P 3 dynamics are similar and comparable to those of uninfected amoebae. Consequently, the activation of PI 3-kinases and PI-phosphatases during L. pneumophila uptake seems to occur independently of the bacterial Icm/Dot T4SS and other bacterial products.
Rapid acquisition of PtdIns(3)P on Legionella phagosomes.
PtdIns(3)P codefines the endocytic pathway and is formed very early during endocytosis (23, 24) . To analyze the dynamics of PtdIns(3)P during L. pneumophila infection, we used a D. discoideum strain producing the probe 2ϫFYVE-GFP that specifically recognizes PtdIns(3)P. Initial observation of L. pneumophila uptake into D. discoideum producing 2ϫFYVE-GFP indicated that there was a short elapsed time between phagosome closure and acquisition of PtdIns(3)P. To examine this acquisition more closely, we used the bright-field channel to determine fusion of a phagosome around L. pneumophila and measure the time until the appearance of PtdIns(3)P ( Fig. 2A ). Wild-type (see Movie S4 in the supplemental material) or ⌬icmT mutant (see Movie S5) L. pneumophila could spend several seconds in a phagocytic cup before the projected amoeba lamellipodia fused. In the majority of cases, L. pneumophila was observed to escape the phagocyte prior to phagosome closing, indicating that formation of and entrance into the phagocytic cup were not tantamount to uptake of the bacteria (data not shown).
Upon uptake of L. pneumophila and closure of the phagosome, the compartment was dragged inwards toward the center of the cell by the retracting phagocyte protrusions. After a short period (Ͻ30 s), the phagosomes were brought into proximity with cellular PtdIns(3)P-containing membranes and decorated with this PI lipid (see Fig. S1C and Movie S6 in the supplemental material). PtdIns(3)P was acquired by both wild-type-and ⌬icmT mutantcontaining phagosomes on average 50 s after uptake ( Fig. 2B ). Taken together, since neither the dynamics of PtdIns(3,4,5)P 3 nor those of PtdIns(3)P appear to be affected by the presence of the L. pneumophila Icm/Dot T4SS during the initial minute after contact with the amoebae, the host cell and not the pathogen appears to control these early processes.
Slow loss of PtdIns(3)P on wild-type LCVs and persistence on ⌬icmT mutant-containing vacuoles. Based on the observation that after uptake wild-type and ⌬icmT L. pneumophila initially acquire PtdIns(3)P to the same extent, we next followed the fate of PtdIns(3)P for a prolonged time ( Fig. 3A) . At 30 min postinfection (p.i.), the percentages of PtdIns(3)P-positive vacuoles harboring wild-type and ⌬icmT L. pneumophila were virtually the same (approximately 90%) ( Fig. 3B ). However, during the 2 h following infection more than 80% of wild-type LCVs gradually and slowly lost PtdIns(3)P, with the most drastic change occurring between 30 and 60 min. A significant portion of LCVs (15 to 20%) were still decorated with PtdIns(3)P at 2 h p.i., but all wild-type LCVs eventually lost PtdIns(3)P by 8 h p.i. (see Fig. S1D in the supplemental material). Over the same period of time, the percentage of PtdIns(3)P-positive vacuoles harboring ⌬icmT L. pneumophila did not significantly decrease, and most phagosomes containing the mutant bacteria remained decorated with PtdIns(3)P (Fig. 3B ). In summary, while the majority of wild-type LCVs slowly and gradually lost PtdIns(3)P in the course of 2 h, most vacuoles harboring ⌬icmT L. pneumophila remained decorated with the PI over the same period of time.
Rearrangement of PtdIns(3)P-positive membranes upon L. pneumophila infection. Next, we investigated whether the cellular architecture of PtdIns(3)P-positive membranes also underwent changes along with the observed loss of PtdIns(3)P from wild-type LCVs. To this end, we performed live-cell imaging using D. discoideum strains producing tandem 2ϫFYVE-GFP and either calnexin-mRFPmars or P4C SidC -mRFPmars to simultaneously label PtdIns(3)P and the ER or PtdIns(4)P, respectively.
In uninfected D. discoideum, the probe 2ϫFYVE-GFP labeled small clustered (endocytic) vesicles throughout the cell, as well as larger vacuoles (likely macropinosomes). Amoebae infected with the L. pneumophila ⌬icmT strain were virtually indistinguishable from uninfected cells in terms of their vesicle structure ( Fig. 3A) . Overall, the avirulent bacteria did not cause any observable rearrangements of the host cell membrane organization. In contrast, in D. discoideum infected with wild-type L. pneumophila, the membrane architecture was notably different. PtdIns(3)Ppositive membranes were condensed, and the large characteristic PtdIns(3)P-labeled endosomes/macropinosomes were no longer visible. PtdIns(3)P was removed from the replication-permissive wild-type LCV labeled by the ER marker calnexin-mRFPmars in the course of a 2-h infection ( Fig. 4A ; also Fig. 3 ). Thus, the rearrangement of PtdIns(3)P-positive compartments coincided with and followed the clearance of the endocytic PtdIns(3)P from LCVs.
We also analyzed the distribution of PI lipids in D. discoideum using 2ϫFYVE-GFP and P4C SidC -mRFPmars as probes for PtdIns(3)P and the LCV marker PtdIns(4)P, respectively. Similar to the findings described above, we observed that 2 h p.i. with wild-type L. pneumophila, PtdIns(4)P-positive LCVs were entirely separated from condensed PtdIns(3)P-positive membranes ( Fig. 4B ). At the same time, the characteristic PtdIns(3)P-positive endosomes/macropinosomes were clearly visible in uninfected neighboring cells. Quantification of the presence of these endosomes revealed that more than 90% of uninfected or ⌬icmT mutant-infected amoebae contained these structures, whereas only 10% or less of the amoebae infected with wild-type L. pneumophila retained them at 2 h p.i. (Fig. 4C ). Taken together, the infection of D. discoideum with wild-type L. pneumophila triggers a major remodeling of PtdIns(3)P-positive membranes and the disintegration of the endosomal/macropinocytic network, as well Biphasic localization of PtdIns(4)P on wild-type LCVs. PtdIns(4)P has been previously established as an LCV lipid marker by using fixed cells and a single time point (35) . Using live-cell imaging and D. discoideum amoebae stably producing the PtdIns(4)P-specific probe GFP-P4C SidC , we set out to characterize with a high temporal resolution the dynamics of PtdIns(4)P within the amoebae (see Movie S7 in the supplemental material). PtdIns(4)P is a plasma membrane marker in D. discoideum (36) and transiently localizes to phagocytic/macropinocytic membranes of uninfected amoebae for approximately 1 min after vacuole formation until dissociation ( Fig. 5A ; see Movie S7). Accordingly, PtdIns(4)P was present on early phagosomes containing either L. pneumophila wild-type or ⌬icmT mutant bacteria ( Fig. 5B ). However, the pool of PtdIns(4)P initially present on Legionella vacuoles was rapidly lost, disappearing within the first minutes after uptake of the bacteria. At 5 min p.i., GFP-P4C SidC localized to the plasma membrane and some internal vesicles of amoebae infected with either L. pneumophila wild-type or ⌬icmT mutant bacteria but no longer to bacterium-containing phagosomes. These results suggest that the portion of PtdIns(4)P localizing to phagosomes immediately after closure of the membrane is plasma membrane derived and not controlled by the bacterial Icm/Dot T4SS.
Next, we analyzed the acquisition of PtdIns(4)P on Legionella vacuoles after the initial removal from phagosomes. At these later time points, PtdIns(4)P stably accumulated on wild-type LCVs (Fig. 5C ). At 30 min p.i., more than 40% of LCVs were decorated with PtdIns(4)P on vacuole membranes tightly surrounding the bacteria (Fig. 5D ). The number of PtdIns(4)P-positive LCVs increased 1 h or 2 h p.i. to more than 80% or 90%, respectively, and the vacuoles adopted the typical spherical shape. In parallel, the ratio of GFP-P4C SidC signal intensity on LCVs to that on the plasma membrane progressively and prominently increased, and at 2 h p.i., PtdIns(4)P seemed to preferentially localize to the pathogen vacuole ( Fig. 5C ). PtdIns(4)P remained on the LCV membrane for a prolonged time (18 h p.i. and beyond) and actually was present up to the exit of the bacteria from the infected cells. At these late time points, the LCV membrane was again tightly wrapped around several replicating bacteria (see Fig. S2A and B in the supplemental material). In stark contrast, PtdIns(4)P accumulation was not detectable on vacuoles containing ⌬icmT mutant bacteria throughout the 2 h of infection. In summary, PtdIns(4)P localizes to LCVs in a biphasic manner. After an initial transient presence on early phagosomes presumably controlled by the host cell, PtdIns(4)P steadily and stably accumulates on LCVs in a second phase, which is specific for wild-type L. pneumophila and controlled by the Icm/Dot T4SS.
Progressive coating of PtdIns(4)P-positive LCVs with ER membranes. In the course of their maturation, LCVs attach to and eventually fuse with the ER (57) (58) (59) . PtdIns(4)P (Fig. 5D ) and calnexin (36) are recruited to LCVs with similar kinetics, yielding within 2 h p.i. approximately 90% of LCVs decorated with these lipid and protein markers. In previous studies using fixed samples, the probes GFP-P4C SidC and calnexin-GFP were found to stain "tight" as well as "spacious" (spherical) LCVs in the course of an infection (36) . Since fixation of a biological sample might create artifacts, reduce spatial resolution, and disrupt membranes, we sought to use live-cell microscopy and two fluorescent probes in parallel to analyze in high resolution the process of ER attachment to LCVs. To this end, we constructed a D. discoideum strain producing in tandem the PtdIns(4)P probe P4C SidC -mRFPmars and the ER probe calnexin-GFP (Fig. 6 ).
The PtdIns(4)P probe P4C SidC -mRFPmars labeled spherical LCVs that were formed after 1 h and up to 8 h p.i. (Fig. 6A ). At 1 h p.i., wild-type LCVs labeled by a concise ring of PtdIns(4)P were loosely surrounded by ER membranes. Thus, the acquisition of PtdIns(4)P precedes and is independent of ER attachment. The ratio of P4C SidC -mRFPmars signal intensity on LCVs versus the plasma membrane progressively increased, and at 2 h or 8 h p.i., PtdIns(4)P seemed to preferentially localize to the pathogen vacuole. These results correspond well to observations using GFP-P4C SidC (Fig. 5C) .
Interestingly, however, under live-cell microscopy conditions, the probe calnexin-GFP revealed that for at least 8 h p.i. regions of the membranous ER tightly surrounded a discrete PtdIns(4)P- positive LCV membrane (Fig. 6A ). Up until this point, visual observation and histogram plot data indicated that the immediate LCV membrane and the ER layers were separate resolvable entities. As a control for the accuracy of the resolved fluorescence intensity plots, we used D. discoideum producing tandem calnexin-GFP and Arf1-mRFPmars, two host cell factors which are recruited to the LCV. On LCVs produced in these amoebae, the two probes showed colocalization, confirming that the results are not an artifact of chromatic aberration (see Fig. S2C in the supplemental material). Together, these results are in agreement with the notion that early on during LCV maturation a PtdIns(4)P-positive membrane is formed, which serves as an anchoring platform for PtdIns(4)P-binding L. pneumophila effector proteins, promoting later steps of pathogen vacuole formation.
To test the hypothesis that the formation of a PtdIns(4)P-positive membrane and binding of a bacterial effector precede the recruitment of ER, we analyzed an L. pneumophila ⌬sidC-sdcA mutant strain, which is defective for ER recruitment (36) . The pathogen vacuoles harboring the ⌬sidC-sdcA mutant strain shows the same dynamics of PtdIns(4)P (see Fig. S2D in the supplemental material) and PtdIns(3)P (data not shown) as do wild-type LCVs. Upon infection of D. discoideum producing P4C SidC -mRFPmars and calnexin-GFP with the L. pneumophila ⌬sidC-sdcA strain, PtdIns(4)P-positive LCVs were formed, as occurred with wild-type bacteria. However, the recruitment of calnexin-GFP to PtdIns(4)P-positive LCVs was severely impaired, yielding obvious PtdIns(4)P-positive LCVs without indication of ER interaction (Fig. 6B) . LCVs harboring the L. pneumophila ⌬sidC-sdcA strain acquired calnexin-GFP-positive membranes later and to a lesser extent, as previously quantified (36) . At 2 h p.i., LCVs containing mutant bacteria had recruited ER, but the interaction was still partial and loose. Moreover, on LCVs completely surrounded by the ER membrane, large gaps could be seen between the two membranes. Finally, at later time points (8 h p.i.), LCVs harboring wild-type and ⌬sidC-sdcA L. pneumophila were similar, with the PtdIns(4)P-rich LCV in tight association with, yet still separated from, the surrounding ER. In summary, these findings indicate that the formation of a PtdIns(4)P-positive LCV, binding of bacterial effectors, and further interactions with cell organelles are sequential steps during LCV maturation, where the LCV remains a distinct compartment with a discrete PtdIns(4)P identity.
DISCUSSION
We analyzed the spatiotemporal LCV PI pattern to gain a better understanding of the dynamics and subcellular localization of these lipids during LCV formation and their interactions with L. pneumophila effectors and host factors. Using a real-time method and combining PI and/or host-protein probes, we were able to resolve the dynamic LCV PI pattern and shed light on the sequential assembly and dynamic maintenance of the pathogen vacuole (Fig. 7) .
On a time scale resolved to seconds, we demonstrated that upon uptake of L. pneumophila, PtdIns(3,4,5)P 3 and PtdIns(4)P are transiently acquired by nascent phagosomes from the plasma membrane and cleared independently of the Icm/Dot T4SS within less than a minute ( Fig. 1 and 5) . The ensuing acquisition of PtdIns(3)P was also Icm/Dot independent, but from this point on, we observed major Icm/Dot-mediated changes: LCVs harboring wild-type L. pneumophila gradually acquired PtdIns(4)P while slowly shedding PtdIns(3)P, whereas ⌬icmT mutant-containing vacuoles never acquired PtdIns(4)P and remained positive for PtdIns(3)P ( Fig. 3 and 5 ).
PtdIns(4)P stably accumulated on LCVs harboring wild-type L. pneumophila during 2 h and up to 8 h after infection ( Fig. 5 and  6 ). The PI was not cleared later but continued to tightly and intensely label the LCV after multiple rounds of replication at 18 h p.i. and likely persisted until bacterial exit from infected cells (see Fig. S2 in the supplemental material). PtdIns(4)P serves as an anchor for several secreted L. pneumophila effectors. The ER interactor SidC and the Rab1 GEF/AMPylase SidM specifically bind to PtdIns(4)P (35, 37) . The stable accumulation of PtdIns(4)P on LCV membranes is in agreement with the finding that L. pneumophila effectors bind to this PI lipid throughout the course of infection. SidM was detected on LCV membranes up to 4 h p.i. (60), and SidC was routinely detected at 1 to 2 h p.i. but is likely present on LCVs also much beyond this time point. This notion is supported by the fact that intact LCVs can be purified by immunoaffinity separation using an anti-SidC antibody at 6 h and even at 14 h p.i. with the same efficiency as that at earlier time points (61) .
The kinetics of PtdIns(4)P acquisition ( Fig. 5D ) and calnexin recruitment (36) are similar, yielding within 1 h and 2 h p.i. ap- The phagosome fuses and is internalized, where PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 , along with PtdIns(4)P, persist for less than 60 s on average. By 60 s, the phagosome has acquired a rich coat of PtdIns(3)P. From this point, the lumen of the phagosome shrinks and wild-type L. pneumophila accumulates PtdIns(4)P on the "tight" LCV. Over the course of 2 h, the concentration of PtdIns(4)P increases, and the LCV lumen expands. PtdIns(3)P is slowly lost, condensed, and excluded from the maturing LCV. The now "spacious" LCV maintains a discrete pool of PtdIns(4)P separate from the surrounding ER, which it acquired 30 to 60 min after uptake. After 8 h of infection, the bacteria have undergone a few rounds of replication. The PtdIns(4)P pattern on the LCV membrane persists and can still be discerned as separate from the surrounding ER network. Regarding the avirulent ⌬icmT mutant, the PtdIns(3)P-rich phagosome shrinks and remains tightly associated with the bacterium. The endocytic marker PtdIns(3)P persists beyond 2 h, and the phagosome never acquires PtdIns(4)P. By 8 h postuptake, degradation of ⌬icmT mutant bacteria has occurred. proximately 80% and 90% of LCVs which are decorated with these lipid and protein markers, respectively. However, a closer inspection revealed that the acquisition of PtdIns(4)P preceded and was independent of ER attachment (Fig. 6) . LCVs labeled by a concise ring of PtdIns(4)P were initially loosely surrounded by ER membranes, which wrapped more tightly around the pathogen vacuole (but did not fuse for at least 8 h), as the infection proceeded. Furthermore, PtdIns(4)P-positive LCVs harboring ⌬sidC-sdcA mutant bacteria defective for ER recruitment (36) were surrounded by ER membranes only later and less tightly. These findings are in agreement with the notion that LCVs are formed by a sequential acquisition of PtdIns(4)P, the PtdIns(4)Pbinding effector SidC and ER membranes. The SidC-dependent progressive coating of PtdIns(4)P-positive LCVs with ER membranes might lead to the eventual fusion of the pathogen compartment with the ER (57) (58) (59) .
PtdIns(4)P is a canonical Golgi PI lipid (23-25) but also detectable in the ER (28) and might be present in ER-derived vesicles. The subcellular distribution of PtdIns(4)P is in agreement with the notion that LCVs intercept and fuse with ER-derived vesicles in a Rab1-dependent manner to form a replicationpermissive compartment (62, 63) . However, in a complex and only partially understood manner, LCVs appear to communicate with and modulate not only the secretory vesicle trafficking pathway but also the endocytic (19, 40) , retrograde (21, 36) , and autophagy (20, 64, 65) pathways.
PtdIns(4)P-positive LCVs that were enwrapped by the ER but obviously had not yet fused with the organelle frequently contained several replicating L. pneumophila bacteria (Fig. 6) . Thus, the PtdIns(4)P-positive LCV already represents a replicationpermissive compartment, and the concept that the ER is a main source of nutrients for vacuolar L. pneumophila is likely incomplete (57, 59) . In addition to the ER, L. pneumophila seems to acquire nutrients from the cytoplasm. This notion is supported by the finding that the LCV membrane harbors many host amino acid transporters (66) and that intracellular L. pneumophila metabolizes carbohydrates such as glucose (67) , which are preferentially found in the host cytoplasm.
Given the importance of PtdIns(4)P as a defining LCV component, the PI lipid might not be produced from a unique source on the pathogen vacuole. Perhaps, PtdIns(4)P is produced on the LCV membrane by a host enzyme such as the PI 5-phosphatase OCRL1 or the PI 4-kinase PI4KIII␤, which localizes to LCVs (43) or regulates the amount of the PtdIns(4)P-binding effector SidC (37), respectively. Additionally, the activity of the PI 3-phosphatase SidF was proposed to lead to an enrichment of PtdIns(4)P on LCVs (45) . The Icm/Dot substrate SidF localizes to the LCV membrane and hydrolyzes specifically the D3 phosphate group of the phagosomal/endosomal PIs PtdIns(3,4)P 2 and PtdIns(3,4,5)P 3 . This might either directly or through the activity of the PtdIns(4,5)P 2 -specific PI 5-phosphatase OCRL1 yield PtdIns(4)P. However, we observed that the rapid clearance of PtdIns(3,4,5)P 3 and PtdIns(3,4)P 2 after uptake of L. pneumophila proceeds independently of the Icm/Dot T4SS (Fig. 1) . Therefore, it is currently unclear how SidF contributes to the production of PtdIns(4)P in the context of an L. pneumophila infection.
Phagosomes containing either wild-type or ⌬icmT L. pneumophila acquired PtdIns(3)P on average 50 s after uptake (Fig. 2) . While phagosomes containing Icm/Dot-deficient L. pneumophila remained decorated with PtdIns(3)P beyond 2 h postinfection, wild-type LCVs gradually cleared this PI lipid. Yet, PtdIns(3)P disappeared from wild-type LCVs rather slowly and inefficiently: at 2 h p.i., approximately 20% of the LCVs were still decorated with this PI (Fig. 3) . L. pneumophila exploits PtdIns(3)P as a membrane anchor for the Icm/Dot substrates RidL (21) and SetA (41) , which decorate LCVs, as well as for the virulence factor LpnE (43) . Given the slow removal kinetics, PtdIns(3)P might serve as a membrane anchor for effector proteins for quite some time after the uptake of the bacteria.
PtdIns(3)P promotes the maturation of phagosomes/macropinosomes along the endocytic pathway, and the PI lipid is produced on early endosomes through phosphorylation of PtdIns by class III PI3Ks (68) . Thus, the removal of PtdIns(3)P from LCV membranes contributes to the evasion of the pathogen vacuole from the bactericidal endocytic pathway. Only around 20% of wild-type LCVs are positive for PtdIns(3)P after 2 h of infection, and this PI is never observed on LCVs with replicating bacteria (see Fig. S1D in the supplemental material). PtdIns(3)P might be removed from LCVs by the PI 3-phosphatase SidP, which in vitro hydrolyzes PtdIns(3)P as well as PtdIns(3,5)P 2 , yielding PtdIns and PtdIns(5)P, respectively (47) . In agreement with the notion that L. pneumophila interferes with endocytic maturation rather inefficiently and at a late stage, the bacteria produce at least one effector, SidK, which targets the late endosomal marker vacuolar H ϩ -ATPase, thus preventing acidification of the pathogen vacuole (19) .
Upon infection of D. discoideum with wild-type L. pneumophila, not only is PtdIns(3)P lost from LCVs but the bulk of PtdIns(3)P-positive membranes condenses and segregates in the cell center ( Fig. 4) . Thus, PtdIns(3)P-positive cellular compartments are physically removed from PtdIns(4)P-rich LCVs, which likely supports the evasion of the pathogen vacuole from the bactericidal endocytic pathway. Moreover, the architecture of the endosomal/macropinosomal network is destroyed. This rearrangement likely represents a further disabling of the host cell's digestive machinery and thus facilitates the evasion of L. pneumophila from degradation.
Only seconds after closure, phagosomes containing wild-type L. pneumophila or Icm/Dot-deficient ⌬icmT mutant bacteria transiently acquired PtdIns(3,4,5)P 3 to the same extent and for the same period of time ( Fig. 1 ). This result suggests that type I PI3Ks, which produce PtdIns(3,4,5)P 3 , are activated similarly upon infection of D. discoideum with wild-type or ⌬icmT L. pneumophila. Whereas type I PI3K appears to be activated by L. pneumophila independently of a functional Icm/Dot T4SS, the requirement of PI3Ks for the uptake of either wild-type or Icm/Dot-deficient L. pneumophila is a matter of debate. Type I PI3Ks can be inhibited by the structurally unrelated inhibitors wortmannin and LY294002 (69, 70) . The uptake of wild-type L. pneumophila by nonpermissive murine J774A.1 macrophages or D. discoideum was partially inhibited by wortmannin or LY294002 (54, 71) . In contrast, we and other groups previously found that the uptake of L. pneumophila by replication-permissive human U937 macrophages or D. discoideum occurs in a wortmannin-insensitive and PI3K-independent manner, while the uptake of an Icm/Dot mutant was strongly reduced by PI3K inhibitors (35, 72, 73) . Perhaps, the conflicting results on the role of PI3Ks during L. pneumophila uptake reflect the different (permissive or nonpermissive) phagocytes and bacterial strains used. In any case, the activation of PI3Ks during uptake of L. pneumophila indicates a macropinocytic process, rather than a phagocytic mechanism (35, 54) .
Taken together, the remodeling of the LCV PI pattern has profound effects on the pathogen vacuole host proteome and the array of PI-bound bacterial effectors on LCVs. In addition to changes in the proteome and lipidome, LCVs also undergo a morphological transition from tight to spacious vacuoles, where the membrane detaches from the bacteria and stays connected only at the bacterial poles (35, 55, 74) . During this time, ER membrane deposition occurs on the LCV, which retains its own separate identity, while membranes of the endocytic machinery are excluded. The temporal and spatial analysis of PI dynamics in L. pneumophila-infected D. discoideum presented here paves the way for a detailed genetic analysis of pathogen and host factors playing a role in shaping the LCV PI pattern and LCV formation.
MATERIALS AND METHODS
Culture and transformation of amoebae and bacteria. D. discoideum axenic strains (see Table S1 in the supplemental material) were cultured in HL5 medium (ForMedium, Norfolk, United Kingdom) at 23°C in 75 cm 2 culture flasks. The amoebae were cultured to subconfluence, at which point 1 ϫ 10 4 to 2 ϫ 10 4 cells/ml were seeded to a new flask. D. discoideum strains were transfected by electroporation (36), followed by repetition of the procedure for tandem fluorescent strains to introduce vector constructs resistant to blasticidin S (Bls). Double fluorescent cell lines were cultured under selection of 20 g/ml Geneticin (G418) and 10 g/ml Bls (Sigma).
L. pneumophila strains (see Table S1 in the supplemental material) were grown for 2 days on charcoal yeast extract (CYE) agar plates, buffered with N-(2-acetamido)-2-aminoethanesulfonic acid (ACES). Liquid cultures were inoculated in ACES yeast extract (AYE) medium at an optical density at 600 nm (OD 600 ) of 0.1 and grown at 37°C for 14 to 16 h to an OD 600 of 3.0 to 3.4. Cultures were checked for fitness (namely, motility and homogeneity of rods) with an inverted light microscope (40ϫ objective).
Molecular biology. The plasmid pRM006 (see Table S1 in the supplemental material) was constructed as follows: the full 2ϫFYVE tandem domain was amplified by PCR using peGFP-2ϫFYVE as a template (kind gift from H. Stenmark), cut with SacI/XhoI, and cloned into pSW102. To construct pWS021, the D. discoideum cnxA gene was amplified by PCR using pCaln-GFP as a template and primers containing a HindIII or a BamHI restriction site, respectively, and cloned into vector pBsrH encoding C-terminal mRFPmars. pWS022 was constructed in the same way, using the P4C SidC domain of SidC instead and vector pSU04 as a template. All PCR products were sequenced.
Real-time imaging of L. pneumophila infection of D. discoideum. D. discoideum amoebae were harvested from approximately 70% confluent cultures. HL5 medium was removed, and cultures were washed with 5 ml LoFlo medium (ForMedium) and resuspended in fresh LoFlo medium. Cells were seeded (300 l) at a density of 2 ϫ 10 5 to 4 ϫ 10 5 /ml in 8-well -slides (Ibidi, Martinsried, Germany). Cells were allowed to adhere for 1 h, after which LoFlo medium was replaced. The microscope stage thermostat was set to regulate between 22°C and 25°C. Samples were viewed with a Leica TCS SP5 confocal microscope (HCX PL APO CS, objective 63ϫ/1.4 to 0.60 oil; Leica Microsystems, Mannheim, Germany). For select applications, samples were observed with a Nikon Eclipse TE300 microscope with the PerkinElmer UltraVIEW spinning disk system and a Hamamatsu Orca ER camera (PerkinElmer, Cambridge, United Kingdom). A Nikon 100ϫ/1.40 Plan Apo oil objective was used in combination with filters 488 -10BP/525-50BP and 568 -10BP/607-45BP. Data evaluation was carried out with Velocity 6.0.1 (PerkinElmer).
To monitor rapid events, the amoebae were brought into focus on the microscope stage. Up to 5 l of an L. pneumophila culture 10-fold diluted in LoFlo medium was introduced by submerging a pipette tip directly above the objective position. Video capture was initiated immediately as motile L. pneumophila arrived at the focal plane within seconds of addition. The focus was maintained manually, and events were followed for up to a maximum of 15 min before moving to a fresh well to repeat the process.
To monitor slow (long-term) events, a bacterial multiplicity of infection (MOI) between 5 and 20 in 300 l LoFlo medium was used. LoFlo in the observation dishes was replaced by 300 l LoFlo containing L. pneumophila (t ϭ 0). Dishes were immediately centrifuged (1,000 ϫ g, 5 min), and the cells were brought into focus on the microscope stage. Three representative images for each strain were captured at defined time points. As images cannot be captured simultaneously, image acquisition was staggered so that capture was half completed when the specific time point was reached.
Statistical methods. To compare potential Icm/Dot-dependent differences between L. pneumophila strains or uninfected amoebae, the twosample t test was applied, assuming unequal variance.
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